Models for the interaction of spermine and DNA were studied by performing conformational energy calculations on spermine and molecular mechanics calculations on major and minor groove complexes of spermine and oligomers of DNA. Docked into the major groove of B-DNA, spermine stabilizes the complex by aimig interactions between proton acceptors on the oligomer and proton donors on spermine. This is achieved by bending the major groove of DNA over spermine and altering oligomer sugar puckering and interstrand phosphate distances. By comparison, Liquori's minor groove model appears to be less stable than the major groove model. This evidence favors a preferential binding of spermine to certain sites in DNA, which provides a powerful force for the modification of DNA conformation.
Polyamines are aliphatic polycationic compounds that are found in all cells and have a significant role in the regulation of normal and malignant cell proliferation (1) . Polyamine biosynthesis is highly regulated, and intracellular levels of polyamines can change rapidly by orders of magnitude when cell growth is stimulated (1) . It has been proposed that polyamines affect growth by interacting with DNA. Evidence for these interactions obtained from experiments conducted in cell-free systems includes the ability of polyamines to precipitate DNA (2) and to raise the melting temperature of natural DNAs (3) . Other results obtained by electron microscopy and micrococcal nuclease digestion of DNA show that polyamines can produce an organized condensed DNA structure (4) . On the cellular level, depletion of intracellular polyamines by treatment with inhibitors of polyamine biosynthesis produces effects consistent with models in which polyamine interactions alter DNA conformation (5) .
It has been shown recently that polyamines can cause a B to Z conformational transition in both poly[d(G-m5C)] and poly[d(G-C)] (6, 7) . In these studies, significant and specific changes in DNA structure can take place at low polyamine/ base-pair ratios. Differences in the ability of two spermidine analogs with the same charge but different structures to cause the B to Z transition suggest that a specific interaction causes the transition (8) .
Even though the interactions between DNA and polyamines have been described in detail, the molecular basis for an interaction has not been well-characterized. A major controversy in the field involves the question of whether or not the interaction is specific. In theoretical studies, polyamines have been treated as point concentrations of positive charge that interact with a DNA molecule considered to be a linear concentration of negative charge (9) ; in this counterion condensation model, chemical structure is ignored and specificity in interaction is not considered. Experimental results consistent with this model have been published (9) (10) (11) . In other models, structures ofboth DNA and polyamines are taken into account. In one of these models, the tetracationic polyamine spermine bridges the minor groove ofDNA to give a complex in which the two amine groups on one end of spermine interact with the phosphates on one DNA strand, and the two amine groups on the other end interact with phosphates on the opposite strand (12) . Although this type of model allows preferential binding to the minor groove, base-specific interactions are ignored. Other models include crystal structures of DNA complexed with spermine. Drew and Dickerson (13) have described a dodecamer B-DNA crystal in which spermine asymmetrically bridges the major groove, and Quigley has described a Z-DNA crystal that contains two spermine molecules (14) . Interactions of spermine with specific atoms have not been well-defined in either crystal structure.
Because of this controversy, we have begun a detailed theoreticalinvestigation ofthe molecularnature ofpolyamine-DNA interactions. We have calculated the conformational energies for spermine and used energetically favorable conformations to construct possible models for DNA-spermine interactions. Because DNA conformation changes when spermine is introduced, we minimized the energy of our model complexes by allowing the conformation of both spermine and oligomer to change.
METHODS
We calculated conformational energies for spermine by varying all the possible single bonds using van der Waals and electrostatic potential functions through conformations staggered at angles of 600, 1800, and 3000. After favorable conformations had been determined, spermine was docked to the B-DNA oligomers d(G-C)5-d(G-C)5 and d(A-T)5-d(A-T)5 by using the MIDAS computer graphics program. ¶ Model oligomers and their complexes with spermine were constructed from the coordinates of Arnott (16) .
RESULTS AND DISCUSSION
Our calculations show that in spermine conformations with the lowest energies, a fixed distance is maintained through the butyl group between the secondary amines with the aminopropyl end groups remaining relatively flexible. Using the calculated length for the diaminobutyl group, we searched for interactions between amine proton donors in spermine and proton acceptors in oligomer and found that the N-7 positions of alternating purine/pyrimidine sequences were probable binding sites. This selection is supported by the data of Drew and Dickerson (13) that shows binding of spermine to alternating purine/pyrimidine sequences across the major groove of B-DNA. Therefore, we modeled possible conformations by choosing N-7 binding sites for spermine in alternating purine/pyrimidine sequences, and we considered five models for spermine-DNA complexes. Two models were of oligomers alone and two were of oligomer-spermine complexes. As a model that represents the spermine-DNA complexes proposed by Tsuboi (3) Spermine-DNA Model. The total energy and the intramolecular and interaction energies of each energy-minimized model are listed in Table 1 . Because these energies were calculated in vacuo, they cannot give a complete description of behavior in solution. A more complete characterization of the real interactions in solution should consider the effects of ions, water, and entropy. Qualitatively, however, it is evident that the interaction of spermine with DNA lowers the total energy considerably, an expected result for the interaction of the positively charged spermine with the linear distribution of negative charges on DNA. Our detailed examination of these energy-minimized structures is discussed below. oligomer. The lower panel represents one strand of alternating purine and pyrimidine residues in the figure, running 5 oxygen-spermine interactions are found within these two complimentary strands. Both local charge density and structure depend on the pattern of interaction; use of three residues instead of two per ligand allows, by exclusion, less total specific ligand binding per oligomer. We believe that these two patterns of interaction belie other, possibly multiple, configurations for binding of spermine to DNA phosphate oxygens that may be important for specificity of interaction. Fig. 3 is an energy plot for the interactions of spermine with bases in the major groove models. The single energy minimum for the d(G-C) oligomer in the upper and lower plots suggests that the interaction of spermine with bases is very specific and involves only one base in each strand. This interaction and its implications will be discussed below when the case of d(A-T)5sd(A-T)5 is considered.
DNA Conformation in the Spermine-d(G-C)s5d(G-C)s Complex. The large negative electrostatic interaction between spermine and the d(G-C) oligomer allows it to change conformation to better accommodate spermine. The intramolecular energies for d(G-C)5d(G-C)5 alone and complexed with spermine are given in the second row of Table 1 . Binding of spermine increases the energy of the oligomer from -818.7 kcal/mol to -737.0 kcal/mol. Thus, spermine binding lowers the total energy of the complex despite its significant destabilizing effects on oligomer conformation.
These findings raise the question of how spermine binding into the major groove destabilizes the oligomer. The spermine-d(G-C) oligomer complex before energy minimization is shown in Fig. 4a and the energy-minimized complex is shown in Fig. 4b . The most dramatic aspect of the energy-minimized complex is the 250 bend in the oligomer produced by the interaction, which can be seen in Fig. 4b by imagining the average helical axis at the bottom of the oligomer molecule and comparing it with the axis at the top. We have performed similar calculations using counterions to neutralize the DNA phosphate backbone; this produces an almost identical bend in DNA. The result is reminiscent of a bend apparently stabilized by spermine in the crystal structure of tRNAphe (18) .
The bend could be either a change of direction over several residues or a kink that occurs at only one position. It is possible to distinguish between these two possibilities from a plot of the stacking energy versus the position of the base pairs (Fig. 5) . The of no more than 10 kcal/mol of base pair can be partially attributed to decreases in intrastrand and interstrand phosphate distances discussed below. These data show that the bend does not significantly disrupt base stacking. Fig. 4b confirms that the bend occurs over several base pairs with no evidence of a kink that either occurs over one base pair or disrupts stacking. We note that other groups using similar minimization techniques have obtained conflicting results regarding a bend in DNA produced by thymine dimers (19, 20) . They found a bend only when DNA conformation was altered before energy minimization. We have not altered B-DNA conformation before energy minimization and the uncomplexed oligomer has no bend after minimization. Therefore, the simple docking of spermine has produced the bend.
Even though base stacking is not greatly disrupted when spermine is complexed into the major groove, other changes in the structure of the oligomer have occurred. First, the bend in the d(G-C) oligomer has been produced by folding the major groove over spermine, which allows the maximum interaction to occur between the oligomer and spermine. This effect can be seen by comparing the short distance across the major groove in Fig. 4b (solid squares) with the much longer distance across the major groove in Fig. 4a (solid squares) . The change in distance across the major groove brings the interstrand phosphates closer to each other, which increases their energy of repulsion. Second, the minor groove has widened opposite the major groove, as shown in Fig. 4b circles), compared to the much narrower minor groove in the unminimized oligomer in Fig. 4a (solid circles) . Thus, the increased width of the minor groove is a consequence of the bend: as the oligomer pivots on its helical axis to enclose spermine in the major groove, the minor groove opens on the opposite side of the helix.
The orientation of phosphates also changes when d(G-C)5d(G-C)5 is complexed with spermine. As described above, a change in the conformation of the oligomer allows a network of interactions to form between proton donors in spermine and proton acceptors in DNA. To position the phosphate oxygens advantageously, the distance between the appropriate neighboring phosphorus atoms has been shortened from =7 A to 5.5 A. This has been accomplished by altering sugar puckering, which shortens the distance between interstrand phosphates. This shortening contributes to the bend, which allows the appropriate phosphate groups to interact with the amines in spermine.
The electrostatic potentials for minimum energy conformations of d(G-C)5d(G-C)5 are shown as color-coded surfaces in Fig. 6 . Blue is the most positive potential, green and yellow are intermediate potentials, and red is the most negative potential. The structure on the right is the energyminimized uncomplexed oligomer and that on the left is the energy-minimized oligomer complexed with spermine in the major groove. (For clarity, spermine is not shown in the complex.) As noted above, sizes of the major and minor grooves are structurally different in these polymers. The fit of spermine into the major groove is not only structural, however. It is evident that the major groove of the polymer becomes intensely negative after complexing with spermine. This effect increases both the stabilization of the complex and the specificity of binding. Thus, both electrostatic and structural specificity are evident in the major groove model.
The major changes in the conformation of the energyminimized major groove spermine-oligomer complex are the bend and its electrostatic consequences and changes in distances between intrastrand phosphates caused by sugar puckering. The prediction of a bend is compatible with studies that show compaction of DNA after treatment with polyamines (4) . Moreover, the changes in sugar puckering and phosphate distances are of particular interest because of their similarity to well-characterized features of A-and Z-DNA (ref. 21, pp. 132-140, 220-240, 283-297) . In both A-and Z-DNA, the size of the grooves is altered, but in Z-DNA the helical sense is altered as well. Because polyamines cause a transition from the B to both Z and A states, these energy minimization results suggest a basis for either the B to A or B to Z transitions (6, 7, 22) . (Fig. 5) , and limits interactions to a specific region of the oligomer (Fig. 2 as explained and Fig. 3, as explained more fully below) . Major changes in the conformation of the oligomer are the folding of the major groove over spermine, the increase in the width of the minor groove, and the shortening of the distances between intrastrand phosphates caused by an alteration in sugar puckering. In addition, electrostatic complimentarity is preserved in the spermine-oligomer complex, but the absolute values of its electrostatic potential are somewhat reduced.
Plots Table 1 . The lowest energy was found for the d(A-T) minor groove model and the highest energy was for the d(G-C) major groove model. Thus, spermine in the d(G-C) oligomer has the least favorable conformation of the three considered. Spermine alone was found to have a total energy of 63.9 kcal/mol. In each minimized model, the three central torsion angles for spermine, which control the distance between the secondary amines, are all near 1800 (data not shown). This finding is consistent with our calculation that in the most stable configuration of spermine the central diaminobutane is all trans.
The results of the theoretical calculations presented here show that spermine docked into the major groove spontaneously produces a bend in B-DNA. Our evidence supports the major groove over the minor groove model on both structural and energetic grounds. Moreover, these models provide a hypothesis for explaining the significant modifications in DNA structure known to occur in solution. We are continuing our molecular mechanics studies by considering other base sequences and binding positions for spermine and other conformations of DNA. We are also beginning studies of the molecular dynamics of the system and are conducting experiments of spermine-DNA interactions by using physical techniques in synthetic oligomers to test aspects of the model we propose.
